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ABSTRACT 

The most l i k e l y  p o s s i b i l i t i e s  of s e v e r a l  spec t roscopic  
methods fo r  measurement of temperature and concent ra t ion  
p r o f i l e s  i n  a gas have been s tud ied  f o r  poss ib l e  a p p l i c a t i o n  
t o  an experimental  hypersonic ramjet, The requirements and 
condi t ions  of the ramJet r e s t r i c t  the so lu t ion  of the  meas- 
urement problem t o  a narrower range than would be considered 
f o r  labora tory  app l i ca t ions .  The b a r r i e r s  t o  d i r e c t  a p p l i -  
c a t i o n  of e x i s t i n g  methods have been analyzed and new 
v a r i a t i o n s  of these methods t h a t  may overcome t h e s e  barriers 
have been devised. The discrepancy between a v a i l a b l e  h o w l -  
edge and tha t  requi red  by the new methods has been evaluated, 
the re sea rch  needed t o  c lose  the gap between them determined, 
and the e f f o r t  involved est imated,  Spectroscopic Instrument 
technology i s  gene ra l ly  a v a i l a b l e  f o r  the o p t i c a l  measure- 
ments descr ibed i n  t h i s  r e p o r t ,  

ill 
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POSSI3LE TECHNIQUES FOR OPTICAL MEASUREMENT O F  
TEMPERATUBE AND CONCENTRATION PROFILES I N  A SUPERSONIC RAMJET 

By li. Krakow, R ,  H. Tourin, and G. J. Penzias 

Spectroscopic methods have bee?. used ir? the  past to 
measure temperature p r o f i l e s  i n  ho t  gases i n  the  r e s e a r c h  
labora tory ,  and t o  measure combustion gas composition i n  s i t u ,  
I n  the  present  work, w e  have s tud ied  the  most l i k e l y  possi- 
b i l i t i e s  among these methods for measurement of temperature 
p r o f i l e s  and composition p r o f i l e s  i n  an experimental  hyper- 
sonic  ram jet. Th i s  report  d i scusses  s e v e r a l  such methods 
which i l l u s t r a t e  techniques t h a t  are p o t e n t i a l l y  app l i cab le  
t o  the ramjet. The requirements and condi t ions  of the  ramje t  
r e s t r i c t  the  s o l u t i o n  c,f the  measurement problem t o  a 
narrower range than would be considered f o r  l abora to ry  
aop l i ca t ions .  We have analyzed the  barriers t o  d i r e c t  
a 7 p l i c a t i o n  of these methods t o  an  opera t ing  ramjet, and have 
dev i sed  new v a r i a t i o n s  of the methods t h a t  are p o t e n t i a l l y  
capable  of overcoming these barriers. The discrepancy 
between a v a i l a b l e  knowledge and t h a t  r equ i r ed  by the new 
methods has been evaluated, the r e sea rch  needed t o  c l o s e  t h e  
gap between them determined, and t h e  effor t  involved 
estimated. Spectroscopic instrument technology i s  gene ra l ly  
a v a i l a b l e  f o r  t h e  o p t i c a l  measurements described i n  t h i s  
r e p o r t .  

-- 

I. INTRODUCTION 

Optical  methods of gas temperature measurement a r e  
d e s i r a b l e  f o r  dynamic systems, because t h e y  do not  d i s t u r b  
t he  system. Moreover, they  may be the only feasible methods 
i f  t h e  temperature i s  very high o r  the  specimen i n a c c e s s i b l e  
t o  sensing probes. However, i n  o p t i c a l  measurements of a gas 
w i t h  a temperature g rad ien t  along t h e  l i n e  of sight,  t h e  
temperature  a t  a p a r t i c u l a r  po in t  cannot g e n e r a l l y  be deter- 
mined o p t i c a l l y  without simultaneous cons ide ra t ion  of the  
thermal  s t r u c t u r e  of t he  e n t i r e  o p t i c a l  path. 

A t  present ,  there is no f u l l y  developed and tested 
o p t i c a l  method f o r  measuring temperature and concent ra t ion  
P r o f i l e s  of t h e  Inhomogeneous hot gases (i.e. h o t  gases  
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having g r a d i e n t s  of temperature , pressure  , and/or composition) 
i n  a supersonic ramjet. I n  a t tempting t o  obta in  one, two 
p o s s i b l e  approaches are  (1) t h e  adap ta t ion  of methods used 
t o  obta in  p r o f i l e s  of d i f f e r e n t  types of h o t  gas  systems and 
( 2)  extension of techniques f o r  s tudying homogeneous gases 
w i t h  p r o p e r t i e s  similar t o  those  of t h e  ramjet. We have 
explored both t h e s e  approaches. I n  Sec t ion  I I A  methods a r e  
descr ibed tha t  have been used f o r  measuring gas  temperature 

i n  ramjet  s t u d i e s  are explained. Sec t ion  I I B  p re sen t s  tech-  
niques f o r  analyzing homogeneous gases t h a t  have p o s s i b i l i t i e s  
f o r  ex tens ion  t o  t h e  inhomogeneous case.  A v a i l a b i l i t y  of 
ins t rumenta t ion  i s  d iscussed  i n  Sec t ion  I I C .  Sec t ion  I11 
presen t s  a number of ideas f o r  adapt ing techniques descr ibed  
i n  Sec t ion  I1 t o  the ramjet problem. Sec t ion  I V  d i scusses  
r e sea rch  t h a t  is needed t o  a s c e r t a i n  the p r a c t i c a b i l i t y  of 

ca t ion .  

I 

l o r  composition p r o f i l e s ,  and t h e  b a r r i e r s  t o  t h e i r  employment 

I the  ideas  i n  Sect ion I11 and t o  pave t h e  way f o r  the i r  a p p l i -  

11. OPTICAL TECHNIQUES FOR STUDY OF HOT GASES 

A .  Inhomogeneous Gases 

of temperature p r o f i l e s  of thermally inhomogeneous hot gases.  
They a r e :  

Three o p t i c a l  techniques have been used f o r  e x t r a c t i o n  

Spec t r a l  scanning along a s i n g l e  l i n e  of s i g h t .  
S p a t i a l  scanning a t  a single wavelength. 

s igh t  . Opt ica l  i s o l a t i o n  of a l o c a l  r eg ion  i n  t h e  l i n e  of 

I ( 1) Spec t r a l  Scanning 

Figure 1 shows a specimen a s  it is considered for 
I l i n e  of s i g h t  s p e c t r a l  scanning. Spectroscopic  measurements 

a r e  made of t he  r a d i a t i o n  t h a t  i s  emitted and t r ansmi t t ed  
along a l i n e  of s i g h t  through t h e  body de f ined  by t he  arrow 

c a l c u l a t e d  from t h e  spec t roscopic  measurements. 
I I. The temperature p r o f i l e  a long t h i s  l i n e  of s i g h t  i s  

When temperature g r a d i e n t s  e x i s t  i n  a gas ,  it i s  
poss ib l e  t o  consider  t h e  gas  t o  c o n s i s t  of a series of zones, 
each of which is i so thermal  wi th in  t h e  p r e c i s i o n  of measure- 
ment. If the  g rad ien t s  a r e  steep t h e  r e g i o n s  would have t o  
be small, but ,  i n  p r i n c i p l e ,  such a d i v i s i o n  always can be 
made. I f  w e  number these zones s e r i a l l y  from 1 t o  n, w i t h  
zone 1 n e a r e s t  the d e t e c t o r ,  t h e  i r r a d i a n c e  of t h e  d e t e c t o r ,  
H ( X j ) ,  by r a d i a t i o n  of wavelength i s  given ( r e f .  1) by J J  
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Fig. 1 Schezatic for  spectroecoplc  method of temperature 
profile mcaaurernents. 
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equat ion (1) 

- 
Phys ica l ly ,  T i ( x j )  i s  t h e  t ransmi t tance  of t he  s e c t i o n  of 
t he  sample, composed of zones 0-i, and W 
s p e c t r a l  emittance of a blackbody a t  Ti and 
the temperature of t h e  i zone. 

equat ion (1) the re fo re  con ta ins  only one t ransmi t tance  
T( x j ) ,  provided t h a t  t h e  o p t i c a l  pa th  ou t s ide  the hot  gas 
sample i s  f r e e  of absorbing gas,  i . e ,  the pa th  i s  evacuated 
o r  flushed wi th  a non-absorbing gas  so tha t  To(lj) - 1. 
Moreover, T ( X  ) can be measured d i r e c t l y ,  a s  can H m ( X J ) .  

j 
Equation (1) then reduces t o  

(1 ,Ti) i s  the  bm J 
where Ti i s  

For an i so thermal  temperature p r o f i l e ,  n = 1, and 

Equation ( l a )  has  t h e  form of Kirchhoff ' s  law. It can be 
solved f o r  t h e  only remaining v a r i a b l e  W (1 , T )  from which 

b m  J 
t h e  temperature can be determined. T h i s  i s  t h e  emission- 
absorp t ion  method of temperature measurement. I f  equa t ion  
( l a )  i s  appl ied  t o  a non-isothermal system, the  wavelength 
dependent resu l t  i s  a weighted average of t h e  temperatures  
i n  t h e  sample w i t h  d i f f e r e n t  weighting a t  each wavelength. 

I n  applying equat ion  (1) t o  a non-isothermal t e m -  
p e r a t u r e  p r o f i l e ,  s p e c t r a l  emit tance i s  measured a t  n 
- d i f f e r e n t  wavelengths, having n d i f f e r e n t  sets of va lues  of 
T i (  'x J )  . T h i s  y i e l d s  n independent simultaneous equat ions  
f o r  c a l c u l a t i n g  t h e  n temperatures.  

The i n f r a red  t r ansmi t t ances  t h a t  appear i n  equa- 
t i o n  (1) are themselves somewhat temperature-dependent. 
Moreover, of the  n t r ansmi t t ances  t h a t  must be obtained,  
only one [Fn(X j ) ]  can be measured d i r e c t l y ,  Therefore ,  

4 



s o l u t i o n  of equat ion (1) requires some a p r i o r i  knowledge 
of the t ransmi t tances  of the molecular s p e c i e s  comprising 
the ho t  gas specimen, p a r t i c u l a r l y  a knowledge of how they 
vary with temperature. 
empi r i ca l  data, t h e o r e t i c a l  formulas, or a combination of 
these. Once such information i s  ava i l ab le ,  the system of 
I r r a d i a n c e  equations,  equat ion (1)* can be solved f o r  the 
thermal s t r u c t u r e  of the s p e c ~ n .  
i t e r a t i v e  procedures for car ry ing  out t h i s  s o l u t i o n  are 
reperted in references 2 and 3. 

T h i s  knowledge may take the form of 

Developed and tested 

I n  applying t h i s  method t o  a hydrogen burning ram- 
jet, the first problem is the choice of a good working rnole- 
cule .  The s t r o n g e s t  in f ra red  absorber p resen t  would be water 
vapor and t h i s  would no t  absorb very s t rong ly  i n  specimens of 
the s i z e  of the ramjet ( see  Appendix) un le s s  ( 1 )  measurements 
are made a t  wavelengths where absorp t ion  i s  s t rong  near  the 
band c e n t e r  ( in t roducing  the problem of I n t e r f e r e n c e  due t o  
atmospheric water vapor absorp t ion)  and (2) the spectral s l i t  
w i d t h s  are small. Meeting these requirements would Involve 
eliminating atmospheric In t e r f e rence  along the  o p t i c a l  path 
and using a high r e s o l u t i o n  spectrometer. Moreover, t h i s  
m e t h o d  has been used only when composition was a known 
function of temperature, no t  when the two are independent 
as t h e y  may be i n  the ramjet. 

(2) Spat ia l  Scanning 

Figure 2 d e p i c t s  the same specimen a s  figure 1 wi th  
the  parameters that  are use fu l  f o r  a n a l y s i s  of a spatial  
scan  of i t s  s p e c t r a l  radiance and t ransmit tance.  Such 
measurements are used ex tens ive ly  on o p t i c a l l y  t h i n  plasmas, 
1.e. plasmas i n  which photons emitted from the inne r  r eg ions  
are no t  absorbed before reaching the ou te r  boundary. 

a. Spatial  scanning of o p t i c a l l y  t h i n  c y l i n d r l c -  
ally symmetric specimens. 

Experimentally a l a t e r a l  i n t e n s i t y  p r o f i l e  is 
obtained, g iv ing  H(x), the  s p e c t r a l  radiance i n  the y d i r e c -  
t i o n  a t  a d i s t a n c e  x from the yz plane ( i n  energy per u n i t  
time, unit area perpendicular  t o  the y direct.ion, u n i t  
frequency i n t e r v a l  and un i t  s o l i d  angle) A t  wavelengths 
where the s ecimen is o p t i c a l l y  t h i n ,  the b r igh tness  per 
u n i t  depth P c a l l e d  "emission c o e f f i c i e n t "  by some au thor s )  
f ( r )  a t  the d i s t a n c e  r from the o r i g i n  ( i n  energy per u n i t  
time, u n i t  volume, u n i t  frequency i n t e r v a l  and u n i t  s o l i d  

5 



X 

Fig. 2 Schematic f o r  s p a t i a l  scanning method of temper- 
a t u r e  p r o f i l e  measurement. 
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angle) i s  related to t h e  spectral r ad iance  from the plasma 
column of l eng th  2 yo and c r o s s  s e c t i o n  A x A 2 

2 3  F r o m  the  s u b s t i t u t i o n  y - (r2 - x ) 

R 
. 

By us ing  Abel’s t ransformation ( f o r  a proof see ref. 4, 
page 177) 

R 

The boundary r a d i u s  R of t h e  source ( H  - 0 for 
x > R )  and t h e  x axis a r e  divided i n t o  N equal  increments of 
l eng th  h .  The da ta  f o r  t h e  invers ion  a r e  the  rad iances  
measured a t  x = 0, .. k, .. ( N - 1 )  i n  u n i t s  of A .  

7 



An abbreviated no ta t ion  i s  used (Ho, Hk, fo, fk ) ,  t hus  
Ho means t h e  measured rad iance  ac ross  the o r ig in .  It has t o  
be remembered, t h a t  H va lues  a r e  i n t e g r a t e d  over the  o p t i c a l  
path, and t h a t  the f va lues  obtained by the inve r s ion  pro- 
c e s s  refer t o  o p t i c a l  path uni ty .  

Numerous au tho r s  (refs. 5 t o  7, f o r  example) have 
descr ibed mathematical procedures f o r  e x t r a c t i n g  t h e  p r o f i l e  
of f ( r )  from t h e  measured H(x) p r o f i l e .  Generally, i n  order  
t o  solve equation ( 3 ) ,  an a n a l y t i c a l l y  i n t e g r a b l e  func t ion  
J ( x )  is f i t t e d  t o  t h e  Hk values  obtained a s  a set  of numeri- 
c a l  data .  The var ious methods d i f fe r  by the way t h i s  is done. 

Many workers have p re fe r r ed  not  t o  use the  Abel 
transformation. In s t ead  they have c a r r i e d  out numerical 
s o l u t i o n s  of equat ion (23, t r e a t i n g  f ( r )  as a s t e p  func t ion  
of t h e  r ad ius  (refs.  8 and 9 ) .  

b. S p a t i a l  scanning of c y l i n d r i c a l l y  symmetric 
specimens with self  -absorption. 

I n  flames and many plasmas, s e l f - abso rp t ion  cannot 
be neglected a t  any wavelength a t  which rad iance  is apprec i -  
ab le .  With such samples, l a t e r a l  p r o f i l e s  of t r ansmi t t ance  as  
well as of radiance are measured. However, c u r r e n t l y  a v a i l -  
a b l e  methods f o r  mathematical a n a l y s i s  of such a system a r e  
only app l i cab le  i f  t h e  Beer-Lambert absorp t ion  law holds,  
t h a t  is i f  l o c a l  absorp t ion  c o e f f i c i e n t s  a r e  cons tan t  over t h e  
s p e c t r a l  s l i t  wid th  employed. I n  t h i s  case,  t h e  measured 
t ransmission ~ ( x )  a t  t h e  p o s i t i o n  x i s  given by 

R 
. ( 4 )  

T h i s  equat ion has t h e  same form a s  equat ion  ( 2 )  and may be 
solved f o r  k(r) by any of t h e  procedures used t o  so lve  
equation ( 2 )  f o r  f ( r ) .  

The s p e c t r a l  r ad iance  a t  the p o s i t i o n  x i s  g iven  by 



-YO Y 
l -  

Since k ( r )  i s  known, the exponential  i n  equat ion (5) may be 
evaluated and equat ion (5)  then solved for f ( r )  ( r e f s .  9 t o  
11). The temperature p r o f i l e  may be obtained from the 
emission and absorp t ion  c o e f f i c i e n t s  by us ing  Klrchhoffgs 
l a w ,  which says that their local r a t i o  must be equal t o  the 
Planck func t ion  a t  that  wavelength and a t  t i e  local 
temperature. 

U s i n g  t h i s  technique, Elder, J e r r l c k  and Birkeland 
( r e f .  11)  have r epor t ed  obtaining temperature p r o f i l e s  with 
4 percent  p rec i s ion  throughout the reg ion  where r/R 
The temperatures near the edge of their  plasma were not 
repor ted  a t  a l l .  This was because the absorp t ion  was t o o  
small i n  t h i s  reg ion  t o  give adequately accu ra t e  r e s u l t s .  
T h i s  l a c k  of information a t  t h e  edge of the  sample i s  not  
very important t o  plasma p h y s i c i s t s  but  may be a s e r i o u s  
gap i n  ramjet s tud ie s .  

0.8. 

The requirement of a p p l i c a b i l i t y  of the Beer-  
L a m b e r t  absorp t ion  law prevents d i r e c t  adoption of t h i s  
technique for ramjet measurements. A l l  the l i n e s  i n  t h e  
ramjet spectrum w i l l  be so sharp ( o r d e r  of 0.1 cm-1 half 
width) that the  absorp t ion  c o e f f i c i e n t  w i l l  vary very 
markedly over any p r a c t i c a l  s p e c t r a l  s l i t  width. 

(3) Optical  I s o l a t i o n  

a. Crossed beams. 

Figure 3 i s  a schematic i l l u s t r a t i o n  of a technique 
used by Muntz ( r e f s .  12  and 13) t o  measure temperatures i n  a 
low pressure stream of nitrogen. An e l e c t r o n  beam produces 
n i t rogen  ions  as it passes through the  sample. Radiation 
from these i o n s  is  then measured a t  f requencies  where the 
un-ionized specimen is o p t i c a l l y  c l e a r .  All of t h i s  meas- 
ured r a d i a t i o n  comes from a small volume (which may be con- 
sidered iso thermal )  about the i n t e r s e c t i o n  of the e l e c t r o n  
and o p t i c a l  beams . 

The r o t a t i o n a l  temperature of a molecular emission 
may be obtained by measuring the  r e l a t i v e  i n t e n s i t i e s  of 
the r o t a t i o n a l  l i n e  s t r u c t u r e  i n  t h e  v i b r a t i o n a l  bands. 
The v i b r a t i o n a l  temperature may be obtained by measuring the  
r e l a t i v e  i n t e n s i t i e s  of var ious v i b r a t i o n a l  bands i n  t h e  
emission. I n  order  t o  obtain t h i s  information, it is neces- 
s a r y  t o  be a b l e  t o  p r e d i c t  the  r e l a t i v e  i n t e n s i t i e s  i n  the 

9 



ELECTRON BEAM SOURCE 

DETECTOR 

Fig.  3 Schematic for crossed  beam method of temperature 
p r o f i l e  measurement. 
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emission f o r  arbi t rary populat ion d i s t r i b u t i o n s  i n  t h e  neu- 
t r a l  n i t rogen  molecules, The accuracy of the temperature 
determinat ions depends on the accuracy of the t h e o r e t i c a l  
d e s c r i p t i o n  of the e x c i t a t i o n  and emission process  and, of 
course,  on t h e  accuracy of t he  a c t u a l  measurements. 

Use of t h i s  method r e q u i r e s  that  the s t a t i c  pres-  
sure be wi th in  about an order of magnitude of 1 mm Hg. 

b, Local seeding, 

A s p e c t r a l  reg ion  i n  which the  sample is o p t i c a l l y  
c l e a r  may be made o p t i c a l l y  a c t i v e  l o c a l l y  by i n j e c t i n g  a 
s u i t a b l e  material (e,g. sodium o r  cesium) from a probe 
(ref.  14). The probe should be loca ted  f a r  enough upstream 
of the o p t i c a l  pa th  so t h a t  the  flowing gas  is n o t  apprec i -  
a b l y  d i s tu rbed  o r  cooled, and allow t h e  i n j e c t e d  m a t e r i a l  
t o  r each  the gas temperature. The temperature of the 
i n j e c t e d  material may be measured by the  l i n e  r e v e r s a l ,  
emission-absorption, o r  the two-line method, The tempera- 
ture measured is tha t  e x i s t i n g  a t  t h e  i n t e r s e c t i o n  of  t h e  
o p t i c a l  pa th  and the  stream of i n j e c t e d  material. 

B. Homogeneous Gases 

(1) Applicat ion of  Band Models 

Penzias  and Maclay (ref. 15) have determined H20 
and COP concent ra t ions  i n  homogeneous gases from measure- 
ments of i n f r a r e d  absorptance. 

A s  mentioned earlier, the absorp t ion  c o e f f i c i e n t s  
of t h e  gases p resen t  i n  hydrogen-air f lames a l l  vary consid- 
e r a b l y  over pract ical  spectral  s l i t  widths.  I n  f a c t ,  spec- 
t r a l  s l i t  widths of s tandard commercial spectrometers  w i l l  
u s u a l l y  conta in  many s p e c t r a l  l i n e s .  For such s i t u a t i o n s ,  
band models r ep resen t  good q u a n t i t a t i v e  r e l a t i o n s h i p s  
between s p e c t r a l  t ransmi t tance  and t h e  temperature and corn- 
p o s i t i o n  of t h e  sample. 

The band model Penzias and Maclay chose t o  use was 
t h e  random band model with cons tan t  l i n e  s t r e n g t h s  and 
widths. According t o  t h i s  band model, t h e  t ransmi t tance  
of a homogeneous gas over a s p e c t r a l  i n t e r v a l  conta in ing  
many l i n e s  can be expressed as fol lows 

- I n  ? = 2n [ Y/d ] f ( x )  

11 



i n  which 7 i s  the  t ransmit tance,  Y i s  the  average l i n e  half  
wid th  and d the  average l i n e  spacing i n  the spectral i n t e r v a l  
considered. x i s  given by 

i n  which S is  t h e  average l i n e  s t r e n  t h  and 4 I s  the length  
of the o p t i c a l  pa th .  The func t ion  f is t he  Ladenburg and 
Reiche funct ion,  whose mathematical p r o p e r t i e s  are w e l l  
known and whose values  have been tabulated ( r e f s .  16 and 17). 

The average l i n e  half-width Y v a r i e s  wi th  the par -  
t i a l  pressure of t h e  gases  p re sen t  a s  fol lows:  

0 0 
= ya 'a + 1 'bi 'bi 

i 

where Yao  i s  the  half-width a t  u n i t  pressure f o r  Self- 
broadening (1.e. f o r  c o l l i s i o n s  between two a b s o r b i F  mole- 
c u l e s )  and Pa i s  the  pressure of absorbing gas.  yb i s  the  
half-width a t  u n i t  pressure f o r  f o r e i g n  g a s  broadening (1.e. 
for  c o l l i s i o n s  between absorbing molecules and other mole- 
c u l e s  i n  t h e  gas  mixture which do not  absorb r a d i a t i o n  a t  
frequency u) and Pb i s  t h e  pressure of the non-absorbing 
l ine-broadening gas. The summation i s  over a l l  spec ie s  of 
non-absorbing molecules . 

The l i n e  s t r e n g t h  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the 
pressure of the absorbing gas, t hus  

s = so Pa (9)  

Pa i s  the  pressure of t h e  absorber ,  and So i s  t h e  strength 
a t  u n i t  pressure.  

12 



The following step-by-step procedures can be 
applied i n  determining t h e  concentrations:  

(1) Determine the geometrical path length 4 i n  cm. 

( 2 )  Determine the  s t a t i c  pressure, PT, and the tempera- 
ture of the phenomenon being invest igated.  

(3) Measure t h e  absorptance of the species  t o  be 
determined, a t  the  specif ied frequency and spec t r a l  siit- 
width of t h e  band model parameters t o  be used. 

( 4 )  From a knowledge of  the gas temperature, the 
values of So/d and vo/d are  determined from graphs s imi l a r  
t o  figures 4 and 5. 

(5 )  Using the information obtained i n  steps (1) through 
( 4 ) ,  t h e  following equa t ions  a r e  solved f o r  Pa, t h e  pressure 
of the absorbing gas i n  atmospheres, which is the  desired 
r e s u l t .  

The so lu t ion  t o  t h e  above equations requi res  i t e r a t i o n ,  
however, t h e  number of cycles may be reduced by a Judicious 
first choice of Pa, based upon t h e  t h e o r e t i c a l  concentra- 
t i o n s  expected fo r  t h e  gas  phenomenon. 

broadeners i n  t h e  specimen have t h e  same YE. 
good approximation f o r  a hydrogen-air flame i n  :rhich the 
foreign gas broadener is almost a l l  nitrogen. 
hydrogen, which w i l l  be present i n  only small quan t i t i e s  
anyway, do have broadening powers t h a t  a r e  s imi la r  t o  t h a t  
of nitrogen. I n  cases where a la rge  amount of hydrogen or  

Equation (11) assumes t h a t  a l l  the  foreign gas 
T h i s  is a 

Oxygen and 
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oxygen i s  present ,  a s u i t a b l y  weighted average Y i  could be 
used. 

( 2 )  Absorption of a Line Source 

Kaskan ( r e f .  18) has shown t h a t  OH can be determined 
by measuring t h e  abso rp t ion  i n  t h e  u l t r a v i o l e t  2T - 
This  spectrum h a s  been exhaus t ive ly  analyzed ref.  19) and a 

bers of a number of l i n e s  i n  the  3064 ref 0-0 band have been 
convenient reproduct ion i s  a v a i l a b l e  

measured ( r e f .  21) and l a t e r  co r rec t ed  ( r e f .  22). Line 
shapes i n d i c a t i n g  some pressure broadening i n  a mixture of 
2H.O + O z  a t  1473% have been repor ted  ( r e f .  21), but it has 
been shown, using the  same data, t h a t  the pressure broaden- 
ing  under these  cond i t ions  i s  a c t u a l l y  very small ( ref .  23). 
Consequently Kaskan assumed t h a t  t h e  absorp t ion  l i n e s  have a 
pure Doppler shape. The most important consequence of t h i s  
assumption i s  tha t  w i t h  it the absorp t ion  c o e f f i c i e n t  
becomes independent of pressure. 

band. 

. 20 . The f num- I 

The method used t o  determine OH was t h e  l i n e  
abso rp t ion  method i n  which a narrow emission l i n e  from a 
d ischarge  i n  water vapor i s  absorbed by t h e  broader absorp- 
t i o n  l i n e  i n  t h e  flame. T h i s  method r e q u i r e s  t h a t  t h e  l i n e  
shapes i n  emission and abso rp t ion  be known; t h a t  the i n t e -  
g r a t e d  absorpt ion c o e f f i c i e n t  be known; t h a t  t h e  r e so lv ing  
power of t h e  spectrograph be high enough t o  s e p a r a t e  the 
l i n e s  t o  be used from a14 o t h e r  l i n e s ,  bu t  i t  need not be 
high enough t o  r e so lve  the l i n e  shapes. This  l a s t  r e q u i r e -  
ment i s  e a s i l y  met, but  t h e  o the r  two are  not.  

T h i s  method becomes p a r t i c u l a r l y  simple i f  t h e  ' 

source emission l i n e  i s  much narrower than  the abso rp t ion  
l i n e s ,  so t h a t  It can be assumed t h a t  only the  peak absorp- 
t i o n  c o e f f i c i e n t  i s  measured. Th i s  assumption i s  made i n  t h e  
fol lowing development. 

I t  can be shown t h a t  f o r  those  l i n e s  f o r  which f 
numbers (cor rec ted)  were measured 

where AK i s  t h e  r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t y  t abu la t ed  f o r  
a l l  of t h e  l i n e s  by Dleke and Crosswhlte ( re f .  
i s  the r o t a t l o n a l  quantum number i n  the lower, h%ta te ,  both 

and J 
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f o r  the l e v e l  i. From the d e f i n i t i o n  of the f number it 
fol lows t h a t  

mc2 (25 + 1) s k  d u x 3 . 2 5 ~ 1 0 3  [ O H 1  i = ne 2 W 
AK 

where r O H 1 ,  i s  the number of molecules pe r  cm3 i n  the 
L l i  

r o t a t i o n a l  l e v e l  i, m and e are t h e  mass and charge of the 
e l e c t r o n ,  c i s  the ve loc i ty  of l i g h t ,  ku is  the abso rp t ion  
c o e f f i c i e n t  i n  cm'l a t  the  wave number u. The i n t e g r a l  i s  
taken over the  whole l i ne .  For a l i n e  with a Doppler shape 
t h e  i n t e g r a t e d  absorp t ion  c o e f f i c i e n t  i s  

where k 
of the l i n e  and A U ~  i s  t h e  width i n  cm-' of t h e  l i n e  a t  
half  i n t e n s i t y .  

i s  the  peak absorpt ion c o e f f i c i e n t  a t  the  c e n t e r  

Combining equat ions  (13) and (14) 

0 

If  r o t a t i o n a l  equi l ibr ium exists 

where [OH\  i s  t h e  t o t a l  concent ra t ion  of hydroxyl i n  t h e  

%.V 
2r s t a t e ,  i s  t h e  ro t a t ion -v ib ra t ion  p a r t i t i o n  func- 
t i o n  and Ei is t h e  r o t a t i o n a l  energy of t h e  l e v e l  i. Com- 
b in ing  equat ions (15) and (16)  and i n s e r t i n g  t h e  numerical 
value of t he  cons t an t s  



Equation (17) as w r i t t e n  can be used t o  c a l c u l a t e  L O H l  from the 
r e s u l t s  f o r  any l i ne .  The p a r t i t i o n  func t ions  were ca l cu la t ed  
( r e f .  24) by the  equat ion 

where k i s  t h e  Boltzmann constant ,  h i s  Planck's cons tan t ,  B 
Is the  r o t a t i o n a l  cons tan t  f o r  OH taken a s  18.51 cm-', and En 
a r e  t h e  energ ies  of t h e  v i b r a t i o n a l  l e v e l s .  

measured [OHli  values  by using the  formula 
Temperatures may be obtained ( r e f .  24) from two 

. 

r:i i s  t he  degeneracy of t h e  energy l e v e l  corresponding t o  El. 

.:. .- - Instrumentat ion 

Instruments and components a r e  a v a i l a b l e  f o r  o p t i c a l  and 
:?ectroscopic s t u d i e s  of ramjet  combustion gases, i n  ground 
t e s t s  and i n  f l i g h t .  Commercial spectrometers  can be used 
:or t h e  ground t e s t s ,  w i t h  t r a n s f e r  op t ics  designed according 
t o  well-known p r i n c i p l e s .  Many such instrument s e tups  have 
tieen b u i l t  f o r  a p p l i c a t i o n  t o  s i m i l a r  problems. For example, 
TJpectrometer systems have been success fu l ly  appl ied  t o  meas- 
1r.e emission, t o  measure absorpt ion,  and t o  measure emission 

and absorpt ion simultaneously,  i n  shock tubes  ( refs .  25 t o  
29), t r a n s i e n t  s o l i d  p r o p e l l a n t  flames (refs. 30 and 31), 
l i q u i d  p rope l l an t  flames ( re f  . 3 2 ) ,  Je t  engine combustion 
@ses (ref'. 33) ,  rocke t  exhaust  gases (refs.  34 t o  37), and 
:-lasmas ( refs .  10, 11, and 38). I n  these var ious  a p p l i c a t i o n s  
rnnny of t h e  same instrument problems as  are  involved i n  the 
supersonic ramjet a p p l i c a t i o n  have been solved, i n  p a r t i c u l a r  

18 



the problems of short time for measurellent (microseconds to 
milliseconds) and signal-noise ratio. Extending these same 
methods to the ramjet requires adaptatfon of instruments 
like those described in references 10, 11, and 25 to 38, 
rather than solving any essentially neq instrument problems. 
The limitations on applicability of spectroscopic tech- 
niques to the supersonic ramjet have to do with the nature 
of the hot gas specimens themselves. Therefore, this study 
is concerned with methods and principles, in relation to the 
fundamental optical properties of the hot gases in a super- 

then be appropriate to consider instrumentation more 
specifically. In the light of experience, no significant 
limitation due to instruments is apparent. After a method 
is successfully developed, some instrument limitations may 
become apparent, but even then there is no evidence that a 
major instrument development effort wiil be required later. 
For example, the time required to make a measurement depends 
on the signal/noise of a particular specimen, not on how 
fast an instrument can operate. The speed capability of 
present instruments is already beyond what is practical to 
use for the ramJet application. Problems of access to the 
hot bases (e.g, windows) are likely to prove more signifi- 
cant obstacles than instrument problems, although here also, 
access problems of comparable difficulty have been solved 
(refs. 32, 39 and 40). Access problems will have to be 
considered later, in relation to the engine configuration 
to be used. 

s m i c  rm$rt. me:: tkese prsbleEls h v t  beer? 991VCd, it WiLl 

Consideration of limitations on flight instrumentation 
was specifically excluded from this study (cf. Appendix, 
paragraph #9). However, it is of interest to note that 
many spectroscopic devices have been built for in-flight 
measurements of radiation from rocket plumes and aircraft. 
These include instruments for mounting on board a ballistic 
missile in flight, to measure spectra of the exhaust plume. 
These are rugged, miniaturized instruments, with provisions 
for telemetering data to a ground station. Similar instru- 
ments have been built for use in research aircraft, to 
observe remote radiating phenomena. Examples of airborne 
spectroscopic instruments may be found ii r references 41 and 
42. 



111. ADAPTATION OF OPTICAL MEASUREMENT TECHNIQUES 
TO RAMJET STUDIES 

A. Combination of Line Absorption and S p a t i a l  Scanning 

1. Descript ion of Method 

I n  the l i n e  absorp t ion  method, w i t h  Doppler shaped 
OH l i n e s ,  i f  t h e  emission l i n e  is  much narrower than  the 
absorp t ion  l i n e ,  i t  can be assumed t h a t  only the  peak absorp- 
t i o n  c o e f f i c i e n t  i s  measured. I n  t h i s  case  the measured peak 
absorptance should fol low the Beer-Lambert absorp t ion  law. 
T h i s  i s  t r u e  even i f  the absorp t ion  c o e f f i c i e n t  of t h e  
absorbing gas v a r i e s  widely over t h e  spectral s l i t  width of 
t he  spectrometer. The only requirement i s  t h a t  r e so lv ing  
power of t h e  spectrometer be high enough t o  sepa ra t e  the l i n e  
used from t h e  ad jacent  l i n e s .  

As long as  t h e  Beer-Lambert law i s  appl icable ,  a 
r a d i a l  p r o f i l e  of ko can be obtained f o r  a r a d i a l l y  symmetric 
specimen. T h i s  i s  accomplished by measuring a l a t e r a l  pro- 
f i l e  of ko by s p a t i a l  scanning and p u t t i n g  the  r e s u l t  i n t o  
equat ion ( 4 ) .  
having widely separated J values.  Temperature and OH con- 
c e n t r a t i o n  can then be obtained a t  any r a d i u s  w i t h  equat ions  
(19) and (17) r e spec t ive ly .  

T h i s  should be done wi th  a t  least  2 l i n e s  

2. output  

a. Temperature p r o f i l e s .  

b. OH r a d i c a l  concent ra t ion  p r o f i l e s .  

3. Specimen Requirement 

a. Radial  symmetry. 

b. Temperature measurement r e q u i r e s  l o c a l  thermo- 
dynamic equi l ibr ium i n  r o t a t i o n a l  or v i b r a t i o n a l  energy 
l e v e l s .  

c. Temperatures t h a t  a r e  high enough t o  a l low 
s u f f i c i e n t  concent ra t ions  of OH. Kaskan's specimens Were 
a t  about 1500.K. The lower temperature l i m i t  has  no t  been 
d e f i n i t e l y  e s t ab l i shed .  For measurements of v i b r a t i o n a l  
temperatures,  t h i s  lower l i m i t  would be higher  than  f o r  
r o t a t i o n a l  temperature measurements because weaker bands 
would have t o  be used. 
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Erro r s  i n  t h e  l o c a l  values  of ko produce equal  
f r a c t i o n a l  e r r o r s  i n  bH]i a s  can be seen from equat ion 
(15) . I n  Kaskan's t ransmit tance measurements, t h e  noise  
l e v e l s  were gene ra l ly  *om one t o  f i v e  per  cen t  of the 
discharge s igna l  but he fe l t  t h a t  the averaging t i m e s  were 
s u f f i c i e n t  t o  a l low i n t e n s i t y  measurements t o  one per cent  
of the source s igna l .  Elder, Jerrlck and Birkeland claimed 
4 PPI, cent p rec i s ion  i n  t h e i r  determinat ions of l o c a l  
absorp t ion  c o e f f i c i e n t s  by spat ia l  scanning. Unfortunately 
they  d id  not  r e p o r t  t h e  p rec i s ion  of  the t ransmi t tance  
measurements involved i n  these determinat ions.  I f  w e  
assume t h a t  the prec is ion  of the t ransmi t tance  measurements 
made by Elder ,  J e r r i c k  and Birkeland was similar t o  t h a t  of 
Kaskan, w e  would conclude tha t  4 per  cent  p rec i s ion  i n  l o c a l  
[OHli de te rmina t ions  would be obtained with such measurement 
p r e c i s  ion. 

Experimental e r r o r s  become se r ious  when the meas- 
ured t ransmi t tance  i s  high because t h e  noise  l e v e l  becomes 
a large percentage of the  absorpt ion.  On the o the r  hand, 
when the t ransmi t tance  i s  very low, t h e  f i n i t e  width of the 
source emission l i n e  becomes important leading t o  f a i l u r e  
of the assumption t h a t  t h e  measured absorpt ion i s  the peak 
absorp t ion  of t h e  OH l i n e .  
only be obtained w i t h  l i n e s  whose t ransmi t tances  are i n  the  
intermediate  region.  

Therefore,  good r e s u l t s  can 

Addit ional  e r r o r s  w i l l  s t e m  from inaccurac ies  i n  
t he  t r a n s i t i o n  p r o b a b i l i t i e s .  
p r o b a b i l i t i e s  t h a t  a r e  cu r ren t ly  a v a i l a b l e  have an es t i -  
mated accuracy of 15 per cen t  ( r e f s .  43 and 44). 

The bes t  OH t r a n s i t i o n  

The accuracy of temperature measurements can be 
est imated by means of a d i f f e r e n t i a t i o n  of equat ion (19) 
which y i e l d s  

kT 

-1 -1 where k 1: 0.6952 crrl deg . 
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T h i s  shows t h a t  t h e  percent  e r r o r  i n  t he  measured 
temperature i s  p ropor t iona l  t o  t he  percent  e r r o r  I n  
[OH]i / [OHfj and i n v e r s e l y  proport$.onal t o  (Ei - Ej)/ kT. 

If E and Ei r ep resen t  d i f f e r e n t  r o t a t i o n a l  energy 
s ta tes  of t he  same v i b r a t i o n a l  l e v e l ,  the i r  d i f f e r e n c e  w i l l  
be of t h e  order of  100 cm-1. V ib ra t iona l  s ta te  d i f f e r e n c e s  
a r e  about 3000 cm-1. 
w i l l  have smaller experimental  e r r o r s  and r o t a t i o n a l  tempera- 
t u r e s  greater experimental  e r r o r  than  t h e   OH]^ /  OH]^ r a t i o  
f o r  the expected temperature range i n  the ramjet .  
i n  tu rn ,  i s  l i k e l y  t o  be a l i t t l e  more a c c u r a t e  than [OH]i 
because of c a n c e l l a t i o n  of systematic  e r r o r s .  

j 

Therefore, v i b r a t i o n a l  temperatures 

This  r a t i o ,  

5. A v a i l a b i l i t y  of Technology 

a .  Spectroscopic ins t rumenta t ion  technology i s  
a v a i l a b l e .  

b. Spectroscopic parameters. 

A t  t h e  present  time f numbers have been meas- 
ured f o r  the  0 - 0 band of OH (refs.  43 and 44). These 
could be used f o r  OH concent ra t ion  and r o t a t i o n a l  temperature 
measurements. Determinations of t r a n s i t i o n  p r o b a b i l i t i e s  f o r  
o the r  bands would be needed f o r  measurements of v i b r a t i o n a l  
temperatures. 

c .  Theory. 

I n  i t s  s imples t  form, t h e  necessary theory i s  
j u s t  a consol ida t ion  of s e v e r a l  t h e o r i e s  t h a t  a l r eady  e x i s t  
and should r equ i r e  l i t t l e  development. However, p r o f i l e  
measurements must be expected t o  be more s e n s i t i v e  t o  exper- 
imental  o r  t h e o r e t i c a l  e r r o r s  than are the measurements on 
homogeneous systems. Therefore,  i t  may be d e s i r a b l e  t o  work 
out  co r rec t ions  f o r  the small  amount of pressure broadening 
present  and f o r  t h e  f i n i t e  width of t h e  emission l i n e .  

B. Development of a Method for Analyzing S p a t i a l  Scanning 
of Ab sorptance and Radiance of F1  ames 

1. Descript ion of Method 

Available methods f o r  ana lyz ing  s p a t i a l  scans have 
been developed by plasma p h y s i c i s t s  who have found t h e  Beer- 
Lambert law s u i t a b l e  f o r  t h e i r  media. A s  I nd ica t ed  e a r l i e r ,  
t h i s  law is not a p p l i c a b l e  t o  combustion gases f o r  p r a c t i c a l  
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s p e c t r a l  s l i t  wid ths .  On the  o the r  hand, band m o d e l s  are 
a v a i l a b l e  that  do represent the absorptance of combustion 
gases  f a i r l y  w e l l .  
spa t ia l  scans of flames using absorp t ion  laws based on band 
models seems f e a s i b l e .  

Development of methods f o r  ana lyz ing  

Band models themselves apply t o  homogeneous spec- 

Meteorolo- 
imens only. However, they  can be extended t o  inhomogeneous 
systems by the Curtis-Godson method ( r e f .  45). 
gists uce t h i s  method f o r  inhomogeneous atmospheric gases 
and it has r e c e n t l y  been proven suitable f o r  ho t  combustion 
products  ( ref ,  46). 

and thermal apa lyses  of r a d i a l l y  symmetric flames should 
become poss ib l e  as  a general  rule. 
it would probably be necessary t o  know SO/d and yo/d a s  a 
func t ion  of temperature f o r  the working molecule. 

Once such a method is  developed, o p t i c a l ,  chemical 

I n  applying t h i s  method, 

2. output  

a ,  Temperature p r o f i l e s .  

b. Concentration p r o f i l e  of t h e  working molecule. 

3. Specimen Requirements 

a.  Radial  symmetry. 

b. Presence of a working molecule w i t h  adequate 

Local thermodynamic equi l ibr ium f o r  working 

o p t i c a l  a c t i v i t y .  

molecule. 
c , 

4. Accuracy 

Accuracy of s p a t i a l  scan ana lys i s  would depend on 
the accuracy of t he  absorp t ion  law and on the wavelengths 
s tud ied .  
i n  two ways: 

temperature i s  d i f f e r e n t  a t  each wavelength and the  
accuracy of temperature determinat ions inc reases  w i t h  t h i s  
r e l a t i v e  va r i a t ion .  

The wavelength a f f e c t s  t h e  accuracy of t he  r e s u l t  

(1) The r e l a t i v e  v a r i a t i o n  of t h e  Planck func t ion  w i t h  

( 2 )  Also, the  l imi t ing  accuracy of s p e c t r a l  measure- 
ments v a r i e s  w i t h  wavelength. 

rnelits of E l d e r ,  J e r r i c k  and Birkeland f o r  comparison. The 
Again l e t  us use the  sodium D l i n e  ( . 59p )  measure- 
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slope of t h e  Planck func t icn  a t  2000.K and 0.59p i s  0.62 per  
cen t  per degree. A t  the  same temperature i t  i s  0.15 percent  
per  degree a t  2.5~ where water vapor i s  o p t i c a l l y  a c t i v e  and 
1.27 percent p e r  degree a t  0 . 3 ~  where OH i s  o p t i c a l l y  ac t ive .  
On t h i s  basis a lone  t h e  4 percent  p rec i s ion  i n  temperature 
measurements repor ted  by E l d e r ,  J e r r i c k  and Birkeland should 
become about 16 percent  for measurements made a t  2 . 5 ~  and 
2 percent  f o r  measurements made a t  O.3p. 

Instrumental  e r r o r s  a r e  greater i n  the u l t r a v i o l e t  
and i n f r a r e d  than i n  t h e  v i s i b l e .  Consequently, temperature 
p r o f i l e s  ex t rac ted  from measurements a t  0.3 and 2 . 5 ~  would 
be somewhat less p rec i se  than ind ica t ed  i n  t h e  preceding 
paragraph. 

5. A v a i l a b i l i t y  of Technology 

a . Spectroscopic instrumentat ion technology i s  
a v a i l a b l e .  

b. Working molecules. 

The ramjet  may or  may not  conta in  a s u i t a b l e  
working molecule. H20 and OH are  p o s s i b i l i t i e s .  According 
t o  t h e  information i n  t h e  appendix of t h i s  r e p o r t ,  t he  
specimen s i z e  may vary from 1/2-inch t o  24 i n c h e s  and t h e  
s t a t i c  pressure w i l l  be  gene ra l ly  i n  t h e  range from 3 t o  0.1 
atmospheres, w i t h  t he  la rges t  pa th  and lowest pressure 
corresponding t o  condi t ions  a t  t h e  nozzle e x i t .  For  a 
specimen a t  5000'R w i t h  a pressure of 3 atmospheres and 
5 inch path,  which may be r e p r e s e n t a t i v e  of cond i t ions  some- 
where i n  t h e  combustor, cu r ren t  a v a i l a b l e  d a t a  i n d i c a t e  t h a t  
enough H20 and OH should be present  so t h a t  e i t h e r  one might  
se rve  a s  t h e  working molecule. For a specimen a t  2 8 0 0 ' ~  
w i t h  a pressure of 0.1 atmospheres and 24 inch path,  repre- 
s e n t a t i v e  of condi t ions a t  t h e  nozzle e x i t ,  i n d i c a t i o n s  are  
ne i the r  H20 n o r  OH would have enough o p t i c a l  a c t i v i t y .  A t  
t h i s  t i m e  our knowledge of t h e  requirements of t he  method 
and t h e  spec t ra  of t h e  molecules a r e  inadequate  for a 
d e f i n i t e  determination. 
inadequate, seeding should be considered. 

I f  both these molecules prove 

c. Spectroscopic parameters. 

Band model parameters f o r  t h e  working molecule 
would have t o  be obtained. 

d. Theory. 
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A considerable  amount of development of mathe- 
mat ica l  techniques i s  required.  

C. Combination of S p a t i a l  and S p e c t r a l  Scanning 

1. Descript ion of Method 

It was noted i n  Sec t ion  I1 t h a t  s p a t i a l  scanning 
r e s u l t s  are very inaccura te  a t  the edge of the specimen. 
On the o the r  hand, the r e s u l t s  of spectral scanning a r e  
best a t  the  edge of the  specimen, Therefore,  a combination 
of the  two techniques should g ive  good p i c t u r e  of t h e  
e n t i r e  system. 

2. and 3. Output and Specimen Requirement 

Same a s  Method B. 

4. P.ccuracy 

As s t a t e d  above, adding s p e c t r a l  t o  s p a t i a l  scan- 
ning should improve the  3lready analyzed accuracy of the 
l a t t e r ,  The e x t e n t  of this improvement depends on t h e  
s u i t a b i l i t y  of t h e  working molecule o r  molecules. 

5. A v a i l a b i l i t y  of Technology 

The technology f o r  t h i s  method is  very s i m i l a r  t o  
t h a t  of Method E. Here w e  w i l l  only cons ider  requirements 
tha t  have not  a l r e a d y  been given f o r  Method E. 

a ,  Spectroscopic instrument technology i s  a v a i l -  
ab le .  

b. Spectroscopic parameters would be needed a t  
many wavelengths . 

c. Theory. 

Once the t h e o r e t i c a l  development of Method B 
i s  complete, combining it with a v a i l a b l e  s p e c t r a l  scanning 
techniques should be a f a i r l y  s t r a igh t fo rward  problem. 

D. Seeding 

1. Descr ip t ion  of Method 

Local seeding i s  accomplished by i n j e c t i n g  a s u i t -  
able o p t i c a l l y  a c t i v e  ma te r i a l  (e.g. cesium or  sodium) from 
a probe i n t o  t h e  gas  stream, The probe should be loca ted  

25 



far enough upstream of the  o p t i c a l  pa th  so  that the flowing 
gas is not  appreciably disturbed or  cooled, and t o  a l low the 
i n j e c t e d  ma te r i a l  t o  reach  the gas  temperature. 

absorp t ion  of t h e  sample a r e  measured f o r  one spectral  i n t e r -  
va l .  This  i n t e r v a l  may con ta in  any number of l i n e s  and 
involve any amount of self absorp t ion  without damage t o  the 
measurement accuracy. I n  the two-line method, only emission 
is measured but it must be done f o r  two wavelength i n t e r v a l s .  
Moreover, a s i n g l e  l i n e  must be i s o l a t e d  i n  each of these 
i n t e r v a l s  and self absorp t ion  must be c a r e f u l l y  avoided. 

I n  the  emission-absorption method, emission and 

Sodium i s  t h e  most popular seeding ma te r i a l .  
Buchele ( ref .  14) introduced sodium i n t o  hot  gas  streams, i n  
the  form of s o d i p  bicarbonate  powder, f o r  l i n e  r e v e r s a l  
measurements. A t  pressures below 20 atm. h i s  i n j e c t i o n  r a t e  
w was 

where C1 = 0.16 g a t m  i n ”  mine’, M i s  Mach number, p s t a t i c  
pressure; and y, t h e  diameter of t he  c y l i n d r i c a l l y  shaped 
s t ream of sodium vapor. With p equal  t o  1 atm and y equal  
t o  one inch t h i s  formula y ie lds  a molar d e n s i t y  of 1.5 x 10 
moles/cc of sodium o r  a sodium mole f r a c t i o n  of 0.25 x w4. 
T h i s  would be a reasonable concent ra t ion  f o r  l i n e  r e v e r s a l  O r  
emiss ion-absorp t im measurements w i t h  resonance l i n e s  of any 
a l k a l i  metal. The concent ra t ion  can vary q u i t e  widely with- 
ou t  a f f e c t i n g  t h e  accuracy of these measurement techniques.  

When the  two-line method is used, the q u a n t i t y  of 
o p t i c a l l y  a c t i v e  m a t e r i a l  i s  much more c r i t i c a l .  Tables I, 
11, and I11 l i s t  emission i n t e n s i t y  r a t i o s  of l i n e s  of 
l i t h i u m ,  i r o n ,  and sodium, r e spec t ive ly ,  t h a t  a r e  s u i t a b l e  
f o r  two-line measurements. 
needed t o  c a l c u l a t e  abso lu t e  l i n e  i n t e n s i t i e s  from the data 
given i n  these t a b l e s  is t h e  same f o r  a l l  l i n e s  of a given 
element. It cance ls  i n  t he  r a t i o .  These r a t i o s  a r e  v a l i d  
only when t h e r e  is no self  absorp t ion ,  
se l f -absorp t ion  can be I l l u s t r a t e d  by cons ider ing  the  l i n e  
r a t i o  f o r  sodium given i n  Table 111. The resonance l i n e  has 
been used I n  computing t h e  r a t i o s .  Although t h e  r a t i o s  a r e  
t h e o r e t i c a l l y  poss ib le ,  they may not  be achievable  i n  prac-  
t i c e  because se l f -absorp t ion  cannot be e l imina ted  and the 
r a t i o  w i l l  approach un i ty .  I n  order  t o  l i m i t  s e l f - abso rp t ion  
as  much a s  p o s s i b l e ,  t h e  concen t r a t ion  of l i th ium o r  i r o n  

-10 

The p r o p o r t i o n a l i t y  cons t an t  

The importance of 
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TABLE I 

Emission Intensity Ratio f o r  2 Lithium Lines 

a Intensity of l i n e  a t  14904 cm'l 

a Intensity of l i n e  a t  16379 cm'l 
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TABLE 11 
Emission I n t e n s i t y  Rat io  f o r  3 Iron Lines 

C = 0.0031 x 23711 exp [ rw ] 
0. 

1500 

2000 

2500 

3000 

D - 27 x 23694 

E = 38 x 23648 

97.8 x lo-'' 

28.9 10-7 

87.5 x 

84.7 x 

1.19 x 107 

1.95 lo4 

4.11 x l o 2  

3.11  x lo1 I 

D 

-18 86.0 x i o  

-12 24.3 x 10 

48.0 10-9 

74.1 x 10-7 

E 

81.6 x lo'1i 

14.8 x 10 -11 

21.3 x 

27.2 x 

1.13 x 10 8 

1.14 105 

1.82 103 

1.14 x lo2 
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TABLE I11 

Emission Intensity Ratio of 3 Sodium Lines 

1500 

2000 

2500 

3000 

F = 0.90 x 16956 exp [ =& 16 56 1 

-10 1.324 x 2.609 x 1.293 X 10 

7.715 X 1.526 X 10-l 5.115 X 

8.843 x 1 O - I  1.753 7.366 x 

4.495 8.928 2.023 X 

IY Intensity of line at 16956 cm” 

G = 1.8 x 16973 exp [ 1 0 

01 Intensity of line at 16973 cm’l 

cy Intensity of line at 17576 cm’l 

1.024 x 10 3.042 x lo7’ 71 1 



should be ad jus ted  so  t h a t  the weaker of t h e  two l i n e s  used 
has t he  m i n i m u m  i n t e n s i t y  necessary f o r  accu ra t e  measurement. 
Self -absorption by the s t ronger  l i n e  would then be minimized, 
and the  large s i z e  of the thermal v a r i a t i o n  of t h e  i n t e n s i t y  
r a t i o  might overcome it. I n  the spec t r a  of l i t h i u m  and 
sodium, t h e  l i n e s  a r e  widely spaced and gene ra l ly  easy t o  
s e p a r a t e  by f i l t e rs .  However, the  two l i n e s  t o  be used a r e  
i n  d i f f e r e n t  reg ions  of the  spectrum and would r e q u i r e  
d i f f e r e n t  d e t e c t o r s  w i t h  consequent c a l i b r a t i o n  d i f f i c u l t i e s .  
I n  i r o n  the  l i n e s  a r e  c l o s e  enough so tha t  they  could both 
be measured w i t h  the  same d e t e c t o r  but  t h i s  element has such 
a r i c h  spectrum t h a t  a spectrometer should be used. 

Discussions w i t h  NASA personnel l ed  t o  the sugges- 
t i o n  t h a t  t h e  l a r g e  d i f f e r e n c e  i n  t h e  i n t e n s i t i e s  of the two 
l i n e s  used i n  t h e  two-line method (and the consequently 
l a r g e  self absorp t ion  of the s t ronge r  one) could be decreased 
i f  two seed m a t e r i a l s  i n  d i f f e r e n t  concent ra t ions  were used 
and one l i n e  of each m a t e r i a l  were measured. Suppose the 
16379 cm'l l i t h ium l i n e  and the 16956 and 16973 cm'l sodium 
l i n e  i n t e n s i t i e s  were measured i n  a sample i n  which the  
r a t i o  of l i t h i u m  t o  sodiwn concent ra t ion  was 10 . The 
r a t i o  of t he  r ad iances  of t he  l i t h i u m  t o  the  sodiwn l i n e s  
would be of t h e  order  of u n i t y  a t  2000.K and would vary by 
about three orders  of magnitude between l5OO.K and 3000'K. 
It should be poss ib l e  t o  segregate  the  l i n e s  used by means 
of f i l t e r s  and t h e i r  f requencies  are  c l o s e  enough toge the r  
t o  allow making both measurements w i t h  the same d e t e c t o r .  
However, t he  p r o p o r t i o n a l i t y  f a c t o r  f o r  l i n e  i n t e n s i t i e s  i s  
no t  t h e  same f o r  l i n e s  of d i f f e r e n t  elements and does no t  
cance l  i n  t h e  r a t i o  because t h e  p a r t i t i o n  func t ions  i s  
d i f f e r e n t  i n  each element. Therefore,  t h e i r  r a t i o  must be 
determined experimentally.  

4 

O f  a l l  the o p t i c a l  methods f o r  ob ta in ing  tempera- 
ture p r o f i l e s ,  l o c a l  seeding i s  the s imples t  i n  concept and 
probably the most accura te .  It can be used on any system 
i n  which t h e  mechanical i n t roduc t ion  of t h e  seeding m a t e r i a l  
can be managed and which would not be a l t e r e d  by the pres- 
ence of t h e  seeding ma te r i a l .  

I n  some cases ,  t o t a l  seeding may be p o s s i b l e  where 
l o c a l  s e e d i n g  i s  not .  If the specimen could be seeded w i t h  
a molecule whose absorptance fo l lows  the  Beer-Lambert Law, 
i t s  temperature p r o f i l e  may be  sought by the  a v a i l a b l e  
s p a t i a l  scanning procedures. If the  concen t r a t ion  of seed 
ma te r i a l  could be con t ro l l ed ,  s p e c t r a l  scanning migh t  y i e l d  
t h e  temperature p r o f i l e .  



2. 

3. 

4. 

Output 

Temperature p r o f i l e s .  

Specimen Requirement 

Seedabi l i ty .  

Accuracy 

~ f i r n - 1  nnnii-tnir a, U U * U A  u r + u r r r g .  

With reasonable care, temperatures can be 
measured wi th in  about 20.K by the emission-absorption o r  the 
l i n e  r e v e r s a l  method. The two-line method i s  less re l iab le ,  

b. T o t a l  seeding. 

specimens may be made by methods 3, C or F. 
t h a t  may be expected of t h e  r e s u l t i n g  temperature prof i les  
i s  t h a t  descr ibed  f o r  these methods. 

Spectroscopic measurements of t o t a l l y  seeded 
The accuracy 

5. A v a i l a b i l i t y  of  Technology 

a. Spectroscopic instrument  technology i s  a v a i l -  
able. 

'0, Sound choices  cf m a t e r i a l s  f o r  l o c a l  seeding 
can be made wizh a v a i l a b l e  information, 

C.  Adequate es t imates  of t he  requi red  q u a n t i t y  of 
a d d i t i v e  can be made f o r  emission-absorption o r  l i n e  
r e v e r s a l  measurements of a l o c a l l y  seeded specimen. 

d. Two-line method temperature measurements 
r e q u i r e  an exac t ing  determinat ion of' t h e  optimum amount of 
l oca l  seeding. 
experimentally.  

seeding, the  presence of the s p e c i a l  o p t i c a l  and chemical 
p r o p e r t i e s  desired must oe sought and proven. 

It may p rove  best t o  make t h i s  determinat ion 

e. I n  t he  case  of a d d i t i v e s  t o  be used f o r  t o t a l  

E. Crossed Beams 

1. Descript ion of Plethod 

Crossing t h e  o p t i c a l  beam w i t h  an  e l e c t r o n  beam, 
a s  descr ibed i n  Sec t ion  I1 A,  3a, may be use fu l  f o r  plwie 



measurements under high a l t i t u d e  condi t ions.  
range  w i t h i n  which an e l e c t r o n  beam i s  operable i s  t o o  
small t o  make it gene ra l ly  valuable .  

The pressure  

I f  t h e  l o c a l  i o n i z a t i o n  were produced by l i g h t  o r  
X-ray beams, t h e  crossed beam technique could be used a t  
much higher  pressures .  However, t h e  increased  p res su re  
would not  only r e q u i r e  a change i n  t h e  e x c i t a t i o n  method but 
would involve a completely d i f f e ren t  o v e r a l l  e x c i t a t i o n -  
emission process. For  h i s  low pressure-low temperature spec- 
imens, Muntz ( r e f s .  1 2  and 13) was a b l e  t o  assume t h a t  the  
exc i t ed  p a r t i c l e  experienced no gas  k i n e t i c  c o l l i s i o n  dur ing  
the process  of e x c i t a t i o n  and emission. H e  was a b l e  t o  
j u s t i f y  t h i s  assumption i n  t h e  fol lowing manner: 

For room temperature,  number d e n s i t i e s  of t h e  order  
of 1.5 x 10 ressure 4 7 0 ~  Hg, t h e  maximum e x i s t i n g  i n  
Muntz's and assuming the d i f f u s i o n  c o l l i s i o n  
c ros s - sec t ion  of 4.8 x 10 -I5 c m  , t h e  time requ i r ed  t o  t r a -  
verse a mean f r e e  path a t  the mean speed of 475 m/s i s  
approximately 2 x sec.  Bennet and Dalby ( r e f .  47) have 
measured the  mean l i f e  of t h e  exc i t ed  s t a t e  of t h e  ( 0 , O )  

band of N2 + B2 
ments) a s  6.53 + 0.22 x sec. Thus, molecular c o l l i -  
s i o n s  w i l l  produce l i t t l e  i n t e r f e r e n c e  w i t h  t h e  e l e c t r o n  
exc i t ed  emission of t h e  N2 + B2 7 s t a t e .  
of the  exc i ta t ion-emiss ion  pa th  holds  good u n t i l  t h e  
average f r e e  f l i g h t  t i m e  of an e x c i t e d  p a r t i c l e  compares 
w i t h  t h e  mean l i f e  of t h e  e x c i t e d  s ta te .  
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( t h e  t r a n s i t i o n  used i n  MuntzIs measure- 

This  d e s c r i p t i o n  
1 

To t h e  hard sphere approximation, the  f ree  f l i g h t  
t i m e  of a molecule v a r i e s  i n v e r s e l y  with pressure and 
d i r e c t l y  w i t h  t h e  square r o o t  of temperature.  Therefore ,  a t  
470 mm H g  and 1200'K t h e  t i m e  r equ i r ed  t o  t r a v e r s e  a mean 
f ree  pa th  should be 2 x 10-3 x 2 x 10-7 o r  4 x 10-10 sec.  
The average exc i ted  ion  would t h e n  undergo over 100 c o l l i -  
s i o n s  d u r i n g  i t s  l i f e t i m e  and i t s  r a d i a t i o n  should be ther-  
m a l  . 

Many o ther  ex tens ions  of t h e  c rossed  beam idea  may 
be poss ib l e .  Radiat ion from beam e x c i t e d  s ta tes  of t h e  
n e u t r a l  molecule may be a s  u s e f u l  a s  t h a t  of ions.  Also, 
measurement o f  l i g h t  from t h e  beam a f t e r  i t  i s  s c a t t e r e d  by 
t h e  sample may y i e l d  information about t h e  s c a t t e r i n g  mole- 
cu le s .  For instance,  if Raman s c a t t e r i n g  i s  s tud ied ,  the  
i n t e n s i t i e s  of  s i n g l e  l i n e s  should lend  themselves t o  
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analyses  similar t o  t h a t  presented i n  Sec t ion  I1 B f o r  
absorp t ion  of single OH l i n e s .  Detect ing the small  amounts 
of energy produced by Raman s c a t t e r i n g  may be a problem but  
t h i s  might be overcome by using a laser source,  
s c a t t e r i n g  provides  more energy and may prove use fu l  f o r  
measuring molecular d e n s i t i e s ,  However, severe  i n t e r f e r e n c e  
w i t h  measurements of Rayleigh s c a t t e r i n ;  could be produced 
by small amounts of dus t .  Prel iminary ssts of t h i s  
Raylergh s c a t t e r i n g  technique have been made w i t h  pure 
gases  ( r e f s ,  48 and 49). 

Rayleigh 

2. ou tput  

Profiles of temperature and d e n s i t y  of the working 
molecule, 

3 , Specimen Requirement 

a ,  Presence of s u i t a b l e  working molecule. 

b, S u i t a b l e  pressure,  T h i s  i s  below 1 mrn Hg  for 
s t u d i e s  t h a t  neg lec t  c o l l i s i o n s  ane. of the order  of one 
atmosphere o r  more i f  c o l l i s i o n  inc.used equi l ibr ium i s  
assumed. In te rmedia te  pressures alae not  s u i t a b l e  f o r  
e i ther  ca se , 

4, Accuracy 

Muntz has claimed accurac ies  of' 2 percent ,  10 pe r -  
cen t  and 8 percent  f o r  r o t a t i o n a l  temperature,  v i b r a t i o n a l  
temperature and n i t rogen  concent ra t ion  r e s p e c t i v e l y  I n  
measurements made on r a r e f i e d  gas  3 t  about room tenperatlcse 
using e l e c t r o n  beam exci ta t ion .  

Recent papers on photo ioniza t ion  c o e f f i c i e n t s  of 
N2 by Cook and Ogawa ( r e f .  50) and of H20 by Netzger and 
COOK ( re f ,  51) d i d  n o t  give t h e  accuracy of t h e  r e s u l t s .  
T h i s  p rec ludes  es t imates  of the  accuracy of ccncent ra t ion  
measurements based on t h i s  data. 

If measured ion ic  r a d i a t i o n  i s  thermal, t h e  
accuracy of temperature measurements ob ta inable  by l o c a l  
seeding may be considered 'an upper l i m i t  t o  t h e  accur2cy 
obta inable  from measurements made on photoionized spec ies .  

5. A v a i l a b i l i t y  of Technology 

a. Spectroscopic instrument technology i s  a v a i l -  
ab l e ,  

b. Theory. 
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For measurement of n i t rogen  d e n s i t y  and tempera- 
ture a t  low pressure by means of e l e c t r o n  beam ion iza t ion ,  
t h e  technique has been developed and used. 

C .  Spectroscopic parameters. 

Nitrogen and water vapor c r o s s  s e c t i o n s  f o r  
photoionizat ion by u l t r a v i o l e t  r a d i a t i o n  have been measured. 
Information about Raman i n t e n s i t i e s  of gases i s  sparse .  

F. Line of S i g h t  Measurements 

1. General Descr ipt ion 

T h i s  method can be used a s  descr ibed  i n  P a r t  I i f  
t h e  specimen requirement given below i s  m e t .  Whether o r  no t  
t h i s  i s  so  must be decided, f o r  each experiment, by t h e  
i n v e s t i g a t o r  . 

I n  order  t o  ob ta in  a detai led p i c t u r e  of t he  t e m -  
p e r a t u r e  and composition p r o f i l e  a long a l i n e  of  s i g h t  
through a h o t  gas  from measurements made only along t h a t  
l i n e  of  s i g h t ,  t h e  present  s t a t e  of t h e  a r t  r e q u i r e s  t h a t  
t h e  composition be a known funct ion  of t h e  temperature.  
However, when t h i s  cond i t ion  i s  not f u l f i l l e d  it i s  s t i l l  
poss ib l e  t o  o b t a i n  some information about  t h e  temperature 
p r o f i l e  from l i n e  o f  s i g h t  measurements. T h i s  i s  done by 
applying equation ( l a ) .  As s t a t e d  i n  Sec t ion  I1 A ,  t h i s  
formula gives  a weighted average of t h e  temperatures a long 
t h e  l i n e  of s i g h t  w i t h  d i f f e r e n t  weighting d i s t r i b u t i o n s  a t  
each wavelength. 
dependence o f  t h e  weighting d i s t r i b u t i o n s  and a s u i t a b l e  s e t  
of such weighted  average temperatures measured a t  s e v e r a l  
wavelengths,  an  e s t ima te  o f  t h e  l i n e  of s i g h t  temperature  
p r o f i l e  can b e  made. Ey such a procedure, Tourin and Krakow 
were a b l e  t o  d e t e c t  a small  cold spo t  i n  a propane-air  
flame and t o  e s t ima te  i t s  l o c a t i o n  ( r e f ,  1). 

Using  an estimate of t h e  wavelength 

There i s  another  p o s s i b l e  approach when only a 
f i n i t e  number of poss ib l e  p r o f i l e s  exis t .  The emission and 
absorp t ion  spectrum of t h e  sample can be measured and com- 
pared w i t h  t h e  pre-determined s p e c t r a  f o r  each of t h e  
poss ib l e  p r o f i l e s .  I f  t he re  i s  a s u b s t a n t i a l  d i f f e r e n c e  i n  
t he  var ious  poss ib le  p r o f i l e s  there  should be enough d i f f e r -  
ence i n  t h e  corresponding spec t r a  t o  a l low matching of t h e  
measured spectrum t o  t h e  proper pre-determined one, 

2. output  

P r o f i l e s  of temperature  and concen t r a t ion  of t h e  
working molecule. 
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I . 

3. Specimen Requirement 

. 
a. Concentration must be a known funct ion  of 

tempera tu r  e . 
b. Presence o f  a working molecule wi th  s u f f i c i e n t  

o p t i c a l  a c t i v i t y .  

4. Accuracy 

The accuracy of l i n e  of s igh t  temperature  determin- 
a t i o n s  depends so s t rong ly  on the  d e t a i l  desired, s lope of 
the Planck funct ion,  s lope of temperature vs. t ransmi t tance  
C L W V ~ S ,  accuracy of temperature VS. t ransmi t tance  curves,  
accuracy of temperature vs. concentrat ion curves, s t a b i l i t y ,  
and messurement accuracy tha t  general  s ta tements  cannot be 
made. Therefore, the discussion w i l l  be confined t o  a f e w  
s p e c i f i c  cases.  F i r s t ,  the  accuracy of l i n e  of s igh t  t e m -  
pe ra tu re  p r o f i l e s  that have been obtained from measurements 
of COz a t  4 . 3 ~  w i l l  be discussed.  Considerat ion w i l l  then 
be given t o  how t h i s  accuracy i s  l i k e l y  t o  change when the 
inpu t  da t a  are changed t o  measurements of water vapor a t  
2 . 5 ~  o r  t o  measurements of OH r a d i c a l s  a t  0.311. 

A t  4 . 3 ~  and 2000'K, t h e  r e l a t i v e  s lope of the 
Planck func t ion  i s  only 0.10 percent  per degree. However, 
C02 t ransmi t tance  varies so s t rong ly  with temperature and 
wavelength t h a t  t he  small Planck func t ion  s lope could be 
overcome by jud ic ious  choices  of wavelengths. I n  t h e  
demonstrations of the  method that have been made, measure- 
ment p rec i s ion  was charac te r ized  by mean t ransmi t tance  
dev ia t ions  of .01 and r e l a t i v e  mean radiance dev ia t ions  of 
2 percent  i n  t y p i c a l  measurements. The t ransmi t tance  
curves used were prepared from da ta  of s i m i l a r  prec is ion .  
Also, i n  these tes ts  very s t a b l e  labora tory  specimens were 
used and e r r o r s  i n  concentrat ion curves were of n e g l i g i b l e  
importance. 
temperatures between 1400'K and MOO%, zonal  temperatures 
were determined w i t h  e r r o r s  of l e s s  than 100.K (ref. 3 ) .  

I n  two and three zone examples involving 

Accuracies comparable t o  those of t he  C02 measure- 
ments j u s t  descr ibed  may be expected f o r  temperatures  
determined from measurements made a t  2.5~ using H20 as  the 
working molecule. As far as the spectroscopic  measurements 
themselves a r e  concerned, an improvement t h a t  might be 
brought about by t h e  better d e t e c t o r s  a v a i l a b l e  f o r  t h e  
2.511 reg ion  would probably be n u l l i f i e d  by greater atmos- 
pher ic  i n t e r f e rence  and need f o r  higher  r e so lu t ion .  I n  
c a l c u l a t i n g  temperatures from the  spectroscopic  da t a  we 
would be helped by a s l i g h t l y  l a r g e r  Planck func t ion  s lope 
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but  hindered by a smaller  v a r i a t i o n  of t ransmi t tance  with 
temperature. I n  shor t ,  t h e  wavelength is s l i g h t l y  better 
b u t  the working molecule worse. I n  f a c t ,  f o r  S m a l l  SpeCl- 
mens, t h e  o p t i c a l  a c t i v i t y  of HzO may prove too  weak t o  
al low i t s  use .  

The molecule OH is a c t i v e  near  0.3~. The r e l a t i v e  
Planck func t ion  s lope  a t  2000.K I s  over twelve times as 
steep a t  0.3~ a s  a t  4 . 3 ~ .  T h i s  f a c t  should dominate the 
comparison of accurac ies .  Detectors  a t  0 . 3 ~  are much bet ter  
and may overcome the  lower radiances,  g r e a t e r  amounts of 
s t r a y  l i g h t ,  greater c a l i b r a t i o n  d i f f i c u l t y ,  and the  
increased  l igh t  s c a t t e r i n g  a t  t h i s  wavelength t o  make t h e  
spectroscopic  da t a  a s  good as  a t  4 . 3 ~ .  Therefore,  if a l l  
chemiluminescence has decayed before  the  gas  reaches the 
p o i n t  of measurement, temperature p r o f i l e s  obtained from 
s p e c t r a l  rad iances  i n  t h e  0.31 r eg ion  should be much more 
accu ra t e  than s t u d i e s  using measurements a t  around 4 . 3 ~  
because of t h e  l a r g e r  r e l a t i v e  Planck func t ion  slope. 

O f  course,  t h i s  g r e a t e r  u l t i m a t e  accuracy could be 
t raded  f o r  g r e a t e r  d e t a i l ,  roughness i n  temperature vs. 
t ransmi t tance  curves, o r  sample i n s t a b i l i t y .  

Estimates of t h e  l i n e  of s ight  temperature p r o f i l e  
made i n  the absence of temperature vs. t ransmi t tance  curves 
a r e  q u i t e  rough. Only a gene ra l  i dea  of t h e  na tu re  of t h e  
p r o f i l e  can be obtained i n  t h i s  case.  

5. A v a i l a b i l i t y  of T e c h n o l o a  

a .  

b. 

a b l e  . 

C .  

molecule . 
d. 

Spectroscopic instrument  technology i s  a v a i l -  

Working molecules: 

H20 and OH may be s u i t a b l e .  

Spectroscopic  parameters. 

These would have t o  be obta ined  f o r  t h e  working 

Theory. 

Mathematical techniques are  a v a i l a b l e .  



I V .  RESEARCH REQUIRED 

A. Eval&ation of Working Molecules 

1. OH Chemiluminescence 

Of a l l  the molecules produced by hydrogen-air 
flames, OH i s  the one whose o p t i c a l  a c t i v i t y  has the  most 
favorable  wavelength and i n t e n s i t y  f o r  a n a l y s i s  of i t s  
t h e r ~ s l  r i d i a n c e ,  
s u i t a b l e  working molecu le f in  many specimens. However, 
before making such analyses,  one must a s c e r t a i n  t h a t  t he  
measured rad iance  i s  indeed thermal. 

In fact, it may prove t o  be the only  

The ra te  a t  which OH chemiluminescence decays i s  
uncer ta in ;  
have involved temperature g r a d i e n t s  along the  l i n e  of s igh t  
and been based on assumptions about l i n e  shapes, f-numbers, 
v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n  and ra te  cons t an t s  t h a t  have 
made the r e s u l t s  inconclusive.  The d i f f e r e n c e s  of opinion 
on the  s u b j e c t  a r e  i l l u s t r a t e d  by the r e s u l t s  of Kqskan 
(ref.  18) Zinman and Bogdan (ref.  52), and Zeegers and 
Alkemade tref.  53) . Kaskan's l i n e  absorp t ion  measurements 
using the f numbers of Dieke and Crosswhite i nd ica t ed  tha t  
non-equilibrium persisted f o r  a long d i s t a n c e  downstream of 
a hydrogen-air flame. Zinman and Bogdan found t h a t  t h e  
rad iance  of t he  gas above hydrogen-air flames was c o n s i s t e n t  
wi th  thermal equi l ibr ium i f  t h e  f numbers were c o r r w t e d  f o r  
v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n  a s  d i r e c t e d  by Learner b u t  
t h i s  was not  true i f  James' c o r r e c t i o n s  f o r  v i b r a t i o n -  
r o t a t i o n  i n t e r a c t i o n  were used. Recent k i n e t i c  c a l c u l a t i o n s  
hy Zeegers and Alkemade ind ica t ed  considerable  OH chemilum- 
inescence above ace ty lene-a i r  flames. While the  major i ty  of 
papers on t h i s  subjec t  i n d i c a t e  t h a t  chemiluminescence pro- 
duces s e r i o u s  d i s t o r t i o n s  of OH rad iance  measurements, t h e  
r e s u l t s  a r e  s t i l l  quest ionable .  
power of OH rad iance  a s  a thermometer, t h i s  ques t ion  should 
be resolved.  

Estimated E f f o r t :  4 man yea r s  

All s t u d i e s  t h a t  have been made on t h e  s u b j e c t  

Because Df the  p o t e n t i a l  

2. Molecules fo r  T o t a l  Seeding 

Molecules t o  be used for t o t a l  seeding should have 
a high s p e c t r a l  absorptance a t  a s u i t a b l e  wavelength and 
t h i s  absorptance should vary i n  accordance wi th  the Beer- 
Lambert absorp t ion  law f o r  measurements made w i t h  p r a c t i c a l  
s p e c t r a l  s l i t  widths. 
measurement of temperatures of about 2000.K would be the  

The optimum s p e c t r a l  r eg ion  f o r  t h e  
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v i s i b l e  o r  near i n f r a r e d .  
should be sought and proven i n  s e l e c t e d  ma te r i a l s .  

The presence of these p r o p e r t i e s  

Estimated E f f o r t :  4 man yea r s  

3. The p r a c t i c a b i l i t y  of producing o p t i c a l  I s o l a t i o n  by 
means of r a d i a t i o n  probes needs further i n v e s t i g a t i o n .  

B. Spectroscopic Parameters 

There is a gene ra l  need f o r  r e sea rch  i n t o  the  spec t ro -  
scopic  p r o p e r t i e s  of working molecules that  may be used i n  
spectroscopic  s t u d i e s  of hot  combustion products.  Data of 
t h i s  type requi red  f o r  the techniques descr ibed  i n  Part  I11 
a r e :  

1. f numbers f o r  OH bands o the r  than the 0-0 band. 

Estimated E f f o r t :  6 man yea r s  

2. OH band model parameters. 

Estimated E f f o r t :  2-4 man yea r s  

3. H20 band model parameters. 

Estimated E f f o r t :  3 man year per I n t e r v a l  f o r  
temperatures below 1300.K; 
1 man year per i n t e r v a l  f o r  
temperatures  above 1300% 

4. Seed m a t e r i a l  l i n e  s t r e n g t h s  for 2 l i n e  method meas- 
urements. 

E s t i m a t e d  E f f o r t :  2 man yea r s  

C. Theory 

Theore t ica l  s t u d i e s  needed f o r  methods A, B, and C 
descr ibed i n  P a r t  I11 a r e :  

1. Development of techniques f o r  ana lyz ing  spa t ia l  scans 
of rad iance  and absorptance of r a d i a l l y  symmetric specimens 
when t h e  Beer-Lambert abso rp t ion  law does n o t  apply t o  t he  
working molecules. 

Estimated E f f o r t :  2 man yea r s  

2. Combination of s p a t i a l  and s p e c t r a l  scanning. 

Estimated E f f o r t :  3 man years 
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3. Development of machinery for cor rec t ing  the l i n e  
absorpt ion method for the f i n i t e  width of the emission l i n e  
and for pressure broadening of the absorpt ion l i ne .  

Estimated E f f o r t :  3 man years 

I). Test- 

met: xe+ir?@- z?hnuld be tested i n  the  laboratory.  

Estimated Ef fo r t :  1 man year per method. 
Possibly m o r e  far crossed 
beam methods, 

E, Organization of Research 

Figures 6 and 7 I l l u s t r a t e  a reasonable organizat ion 
of research programs and show how they lead t o  f i n a l  
evaluat ion of t he  measurement methods proposed i n  t h i s  
repor t .  
na tu ra l  products of hydrogen-air combustion. T h i s  figure 
c e n t r a l i z e s  two p ivo ta l  tasks: (1) determination of OH 
equilibrium, and (2) development of the t h e o r e t i c a l  tech- 
niques requlred t o  apply s p a t i a l  scanning methods and t o  
combine spatial  and spec t r a l  scanning. What follows these 
two tasks depends on the r e s u l t s  of t h e  OH equi l ibr ium 
inves t iga t ion .  I f  reason is found f o r  be l iev ing  that OH 
radiance i n  a ramdet specimen w i l l  be thermal, then the OH 
s t u d i e s  on t h e  l e f t  side of figure 6 should be the  f irst  
appl ica t ion  of the  new theories  f o r  spatial  scanning 
developed i n  t a s k  2. On t h e  other hand, i f  the r e s u l t s  of 
task 1 ind ica t e  t h a t  OH radiance i n  a ramjet w i l l  be 
s u b s t a n t i a l l y  chemiluminescent, then the new theor ies  would 
be appl ied first t o  H20 In  the manner ind ica ted  on the 
r i g h t  side of figure 6. The OH l i n e  absorpt ion test should 
be done i n  either case. Figure 7 shows research concerned 
w i t h  molecules t h a t  a r e  a r t l f l c a l l y  introduced i n t o  the 
sample. 
each of three introduct ion techniques. 

Figure 6 deals with s tudies  of OH and H& which are 

Three d i s t i n c t  programs are out l ined  -- one f o r  

V. CONCLUSIONS 

The na tu ra l  products of hydrogen-air combustion 
include two molecules, HzO and OH, t h a t  are o p t i c a l l y  a c t i v e  
a t  s u i t a b l e  wavelengths f o r  spectroscopic study. Tempera- 
ture and composition prof i les  of these molecules may be 
sought through measurement of their  s p e c t r a l  absorptance or  
radiance.  
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Spec t r a l  l i n e s  of OH d i sp lay  an ex t raord inary  r e s i s t a n c e  
t o  pressure broadening. T h i s  q u a l i t y  opens p o s s i b i l i t i e s  f o r  
a n a l y s i s  of l i n e  absorpt ion measurements of OH. 
t r a t i o n s  and temperatures have been determined i n  t h i s  way i n  
homogeneous gases. Methods have been developed t o  extend 
t h i s  technique t o  obtain p r o f i l e s  of OH concentrat ion and 
temperature i n  r a d i a l l y  symmetric inhomogeneous samples. 

o r  the HpO thermal radiance of the ramjet.  
OH, chemiluminescence m i g h t  i n t e r f e r e  with the measurements. 
For H20  t he  emiss iv i ty  i s  low, hence hard t o  measure 
accura te ly  and hard t o  f i n d  s u f f i c i e n t  v a r i a t i o n  of emissiv- 
i t y .  
t h e  o p t i c a l  a c t i v i t y  of OH occurs a t  a much more favorable 
wavelength than t h a t  of H20. I n t e r p r e t a t i o n  of measurements 
of s p e c t r a l  radiances of  n a t u r a l  components of t h e  specimen 
I n  terms of thermodynamic parameters requires e i t h e r  r a d i a l  
symmetry i n  the sample or a knowledge of the composition a s  
a funct ion of temperature. For working molecules l i k e  H 2 0  
and OH whose spectra  c o n s i s t  of narrow, well-spaced l i n e s ,  
u t i l i z a t i o n  of r a d i a l  symmetry would r equ i r e  some f u r t h e r  
development of the ava i l ab le  theor ies ,  which a r e  designed f o r  
continuous spectra .  
evolved from t h i s  pro jec t .  

i n t o  t h e  specimen could f a c i l i t a t e  temperature p r o f i l e  meas- 
urements grea t ly ,  e s p e c i a l l y  i f  It can be accomplished 
loca l ly .  Techniques f o r  achieving t h i s  in t roduct ion  involve 
simple addi t ion  or production through i n t e r a c t i o n  between a 
n a t u r a l  cons t i tuent  of the sample and an electromagnetic beam 
cross ing  the  l i n e  of s igh t  of t h e  o p t i c a l  measurement. The 
crossed beam technique might a l s o  provide an avenue t o  chemi- 
c a l  ana lys i s  of o p t i c a l l y  inac t ive  components of t h e  sample. 
T h i s  r epor t  descr ibes  severa l  extensions of cu r ren t ly  used 
techniques t h a t  might h e l p  adapt them f o r  ramjet  study. 

o p t i c a l  measurement of temperature and composition p r o f i l e s  
of hot  gases i s  of the following 3 types: (1) determination 
of spectroscopic p r o p e r t i e s  of p o t e n t i a l  working molecules, 
( 2 )  advancement of t echni  ues f o r  t h e o r e t i c a l  a n a l y s i s  of 
o p t i c a l  measurements and 73) experimental s t u d i e s  of new 
measurement t echnique s . 

OH concen- 

It i s  d i f f i c u l t  t o  measure and i n t e r p r e t  e i ther  the OH 
I n  the case of 

For temperature measurements based on thermal radiance, 

Guidelines f o r  such a development have 

Introduct ion of a better working molecule than OH or  H 2 0  

Research t h a t  i s  needed t o  increase  c a p a b i l i t i e s  f o r  

Spectroscopic instrument technology I s  gene ra l ly  a v a i l -  
a b l e  f o r  t he  op t i ca l  measurements descr ibed i n  t h i s  repor t .  
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APPENDIX 

I 

I 
I '  

, -  

The fol lowing information was rece ived  from NASA i n  
response t o  ques t ions  regarding the n a t u r e  of t h e  specimens 
t o  be studied. T h i s  information and information obtained 
from informal  conferences wi th  NASA personnel  guided t h e  
s e l e c t i o n  o f  approaches t o  t h e  study problem. 

4.. 1 The specimen slze may vary from as small as  a 
passage height of 1/2-inch t o  a s  l a r g e  a s  a diameter o r  
height of' 24 inches  depending upon t h e  l o c a t i o n  along the  
engine a x i s  o r  s t a t i o n  and t h e  engine configurat ion.  

2. The s t a t i c  pressure wi th in  the  engine w i l l  vary 
wi th  cond i t ions  ( a l t i t u d e ,  M2ch r,umber, engine s t a t i o n ,  
e tc . )  bu t  w i l l  be gene ra l ly  i n  the range of 0.1 t o  about 
3.0 atmospheres with t h e  lowest pressure occurr ing  a t  t he  
nozzle exit. 

3. Sta t ic  temperatures of the flow wi th in  t h e  engine 
will vary with condi t ions  and t h e  engine s t a t i o n .  General ly  
speaking, the s t a t i c  temperature w i l l  vary from about 1000.R 
a t  the en t rance  t o  the combustor t o  a maximum of about 
5OOO.R a t  the e x i t  of the  combustor. The s t a t i c  temperature 
a t  the  exi t  of the nozzle w i l l  be about 2600% depending 
upon flow condi t ions.  The maximum t o t a l  temperature of t h e  
engine flow w i l l  be about 5900.R. 
Introduced i n t o  the combustor a t  a temperature i n  t h e  range 
of 1000.R t o  3000.R. 

Hydrogen gas w i l l  be 

4. The composition of the  burned gases  w l 1 1  of course 
depend upon s ta te  condi t ions  of t h e  hydrogen-air m i x t u r e  
before  combustion and upon f l o w  condi t ions  during and a f t e r  
combustion. However, an order  of magnitude i n d i c a t i o n  of 
t he  gas composition a f te r  combustion i n  the r amje t  engine 
i n  mole f r a c t i o n s  would be: E2 - ,037467, E,& - .284133, 
H - .010481, 0 - ,003928, and N - .000001. These va lues  
were taken from NACA TR 1383, "Survey of Hydrogen Combus- 
t i o n  Proper t ies" ,  f o r  equi l ibr ium a d i a b a t i c  condi t ions,  an 
equivalence r a t i o  of 1, a s t a t i c  pressure of 1 atmosphere, 
and an  i n i t i a l  mixture temperature of 1800.R. Also, a i r  was 
assumed t o  consist of oxygen and n i t rogen  only i n  the  molar 
ratio of 1:3.7572. Operation of t h e  ramje t  engine i s  n o t  
r e s t r i c t e d  t o  an equivalence ratio of 1 but may opera te  a t  
equivalence r a t i o s  less o r  g r e a t e r  than 1. 

f l o w  near t h e  f u e l  i n j e c t o r s  w i l l  be i r r e g u l a r  and l ack  

N2 - .627622, OH - .0181.13, 02 - .011467, NO - ,006787, 

5. It i s  expected t h a t  temperature profiles ac ross  t h e  
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symmetry because of the in t roduc t ion  of fue l  a t  d i scre te  r a d i a l  
and a x i a l  loca t ions .  
occur from flow d i s t o r t i o n s  caused by t h e  engine i n l e t .  Pro- 
f i l e s  may become "smoother" and more symmetrical a s  the flow 
l eaves  t h e  combustor and passes  through t h e  nozzle  depending 
upon whether o r  no t  opera t ion  of the engine a t  ang le s  of 
a t t a c k  o r  yaw produces adverse e f f e c t s  i n  t h i s  p a r t  of the 
engine. 

6. It i s  expected t h a t  temperature and composition pro- 
f i l e s  w i l l  be stable over t h e  t i m e  per iod a v a i l a b l e  f o r  meas- 
urements. Reports on supersonic combustion experiments do 
not  i n d i c a t e  any combustion i n s t a b i l i t y .  

r e s t r i c t e d  t o  1 second or  l e s s  because of nonsteady f l i g h t  
cond i t ions  ( a c c e l e r a t i n g  o r  d e c e l e r a t i n g  f l i g h t )  . Ground 
tes ts  w i l l  permit measurement times of up t o  1 minute f o r  
c e r t a i n  t e s t  condi t ions .  However, i t  i s  r equ i r ed  t h a t  meas- 
urement time i n  ground tes ts  be of t he  same order  of magni- 
tude a s  t h a t  f o r  the  f l i g h t  tes ts .  

Further  i r r e g u l a r i t i e s  and aSYmetry may 

7. For f l i g h t  tests, the t i m e  f o r  measurements w i l l  be 

8. Departure from equi l ibr ium cond i t ions  w i t h i n  t h e  
engine should be small. However, s i n c e  t h e  engine des ign  
w i l l  not be optimized, the e f f e c t  of small  depa r tu re s  from 
equi l ibr ium on engine performance may be s i g n i f i c a n t  f o r  
c e r t a i n  f l i g h t  condi t ions.  

9. Both ground and f l i g h t  t es t s  will be made on the 
ramJet engine. It  i s  p re fe r r ed  t h a t  t h e  method o r  technique 
of measurement be t h e  same f o r  both ground and f l i g h t  t e s t s .  
However, t h e  instrument  i t s e l f  need not  be t h e  same f o r  both 
f l i g h t  and ground t e s t s .  The c o n t r a c t o r  should note  t h a t  
ground tests w i l l  p e r m i t  more d e t a i l  t e s t i n g  procedures than  
f l i g h t  t e s t s  and t h a t  t h e  primary use f o r  an i n s t r u m e n t  whose 
des ign  i s  based on a f e a s i b l e  method f o r  measuring temperature  
and composition p r o f i l e s  by o p t i c a l  t e c h n i  ues  w i l l  be i n  t h e  
ground t e s t s .  Consequently, r e s t r i c t i o n s  ?such a s  s i z e ,  weight, 
e t c . )  imposed by f l i g h t  measurements should not  unduly in f luence  
t h e  choice of technique o r  t h e  instrument  design.  It i s  f e l t  
t h a t  once a probeless  technique f o r  measuring temperature and 
composition p r o f i l e s  i n  a hypersonic ramje t  becomes a r e a l i t y ,  
i t  1s only an engineer ing problem t o  adapt  t h i s  technique t o  
f l i g h t  t e s t i n g .  The answers t o  c e r t a i n  remaining ques t ions  
should be viewed w i t h  t h e  above i n  mind. 

10. The temperature and composition a c r o s s  t h e  h o t  gas 
pa th  i s  t o  be considered. 
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11. The main i n t e r e s t  i s  i n  measurements w i th in  the 
engine, although measurements i n  the  exhaust plume are a l s o  
of i n t e r e s t .  I n  ground tes t s  " b o i l c r p l a t e "  models of the  
engine o r  engine components w i l l  be tested which w i l l  permit 
measurements similar t o  tha t  which can be made a c r o s s  the  
exhaust plume. That Is,  measurements of the f low Pxiting 
from an engine component, such as  t h e  combustor, w i l l  be made. 

12. The best poss ib l e  accuracy is, of course,  desirable 
but it is peziized t9fit the aec*azcy atteinable i~ n v n c f . + c ~  r------- 

w i l l  be less than tha t  f o r  ideal  or  l abora to ry  condi t ions.  
An accuracy of + 5 percent  o r  less f o r  temperature measure- 
ments over t h e  range of 20OO.R t o  5000.R should be a design 
goal If t h e  present  s ta te -of - the-ar t  i s  less accura t e  than  
this. 

13. The accuracy of the composition prof i le  data should 
be s u f f i c i e n t  t o  permit determinat ion of small depa r tu re s  
from equi l ibr ium conditions.  

14. The use of solid probes i n  the  engine flow passages 
cannot be to l e ra t ed .  

15. An e l e c t r o n  beam may n o t  be feasible i n  view of t h e  

16. An instrument  tha t  does not  require seeding i s  pre- 

pressures e x i s t i n g  within the engine. 

ferred over one t h a t  does s i n c e  in t roduc t ion  of a l i e n  
spec ies ,  e s p e c i a l l y  radicals, w i l l  adverse ly  a f f e c t  hydrogen- 
a i r  r e a c t i o n  and recombination t i m e s .  

17. Since probes cannot be t o l e r a t e d  wi th in  the engine 

18. S p a t i a l  scanning a c r o s s  t he  specimen i s  poss ib le .  

19. It may or  may not  be poss ib l e  t:, evacuate o r  f l u s h  

passages, l o c a l  seeding by t h i s  method cannot be used. 

the  o p t i c a l  path. 
the a p p l i c a t i o n  of the  measurement technique, t he  more 
desirable t h e  technique becomes. 

The fewer "complications" involved i n  
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